ABSTRACT A study was conducted to determine the effect of feeding high concentrations of corn distillers dried grains with solubles (DDGS) on egg production and the internal quality of eggs from laying hens. Four diets were formulated to contain 0, 17, 35, or 50% corn DDGS. A total of two hundred forty 54-wk-old Single-Comb White Leghorn laying hens were randomly allotted to 2 birds per cage with 3 consecutive cages representing an experimental unit (EU). Each EU was assigned to 1 of 4 dietary treatments according to a completely randomized design. Hens were fed for a 24-wk experimental period after transition feeding to gradually increase corn DDGS inclusion over a 4-wk period. Two sets of experimental diets were formulated, and each diet was fed for 12 wk. Egg production, feed consumption, egg component, yolk color, Haugh unit during storage times, and shell breaking strength were measured. Egg production, egg weight, egg mass, feed intake, and feed efficiency were adversely affected by the highest level of DDGS in the diet (50%) during the first 12-wk period. Once diets were reformulated to include an increased concentration of both lysine and methionine, differences among the dietary treatments were reduced, as the performance of the 50% DDGS diets was greatly improved. Over the last 6 wk of study, no differences in egg production, egg weight, and feed intake among DDGS treatments were found. The DDGS diets positively affected the internal quality of eggs during storage. Improved yolk color and Haugh unit were observed as the dietary DDGS levels increased, but the increase for Haugh unit was significant only when the DDGS level was 50%. Shell weight percentage was increased in the 50% DDGS diet, but no differences in yolk and albumen percentage were observed. It was concluded that up to 50% of DDGS could be included in the layer's diet without affecting egg weight, feed intake, egg mass, feed efficiency, and egg production as long as digestible amino acids were sufficient in DDGS-added diets. 
INTRODUCTION
Distillers dried grains with solubles (DDGS) are a byproduct of ethanol industry and are often used at lower concentrations as a feed ingredient for laying hens. Corn DDGS are widely used in the United States as an economical alternative source for protein, energy, and available phosphorus (Weigel et al., 1997; Creswell, 2006) . After starch is used during the fermentation process of ethanol production, all the nonfermentable nutrients and components of corn are concentrated to around 3-fold those of corn in the final DDGS product (Spiehs et al., 2002) . As the production of bioethanol has increased rapidly in recent years, increased quantity of DDGS becomes available for feed industry (Licht, 2008 (Licht, -2009 (Licht, -2010 .
Distillers dried grains with solubles have been safely added up to 10 or 15% in laying hen diets without adversely affecting laying performance and egg production (Lumpkins et al., 2005; Roberson et al., 2005; Swiatkiwicz and Koreleski, 2006) . Several researchers have investigated increasing the concentration of DDGS in laying hen diets in an attempt to identify feeding maximums that do not result in any harmful effect on egg production and egg quality, which including Haugh unit, yolk color, and eggshell strength. Haugh unit is a measurement based on egg weight and the height of thick egg white surrounding the egg yolk, which was introduced by Raymond Haugh in 1937. Egg white protein can maintain its structure and strongly hold the water when eggs are fresh; thus when eggs are broken, the egg white can stand high and be close to the egg Effects of increasing concentrations of corn distillers dried grains with solubles on the egg production and internal quality of eggs H. Sun ,* E. J. Lee , † H. Samaraweera ,* M. Persia ,* H. S. Ragheb , ‡ and Dong U. Ahn * § 1
MATERIALS AND METHODS

DDGS Diets
The corn DDGS used in this study was obtained from a local ethanol plant (Lincolnway Energy, Nevada, IA). Corn DDGS diets for laying hens were formulated based on National Research Council nutrient recommendations for laying hens (NRC, 1994) and the current DDGS nutrient profiles on the website of University of Minnesota (http://www.ddgs.umn.edu/ profiles-current.htm). Diets were formulated having 4 levels of corn DDGS (0, 17, 35, and 50%) included by replacing increasing amounts of corn, soybean meal, dicalcium phosphate, and dl-methionine with DDGS, animal-vegetable blended fat, limestone, and lysine. The highest inclusion level of corn DDGS was chosen on the basis of the results of Pineda et al. (2008) . The diets were formulated to be isocaloric based on energy values for feed ingredients published by the NRC. The diets were formulated on a total amino acid basis for arginine, histidine, isoleucine, leucine, lysine, TSAA, phenylalanine and tyrosine, threonine, valine, and tryptophan. As DDGS increased in diet, total CP of the diets increased.
After the first 12-wk experiment period, diet formulas were modified by addition of lysine and methionine in an attempt to meet the production requirements of laying hens fed the 50% DDGS diets. The composition and nutrients content of the 2 DDGS diet formulas are shown in Tables 1 and 2 . The 2 formulas had the same concentrations of ME, Ca, P, most amino acids except lysine and methionine, and very similar protein level in the treatment with the same DDGS level.
The DDGS samples were prepared for proximate and amino acid content. The nutrient composition of corn DDGS used in this study was analyzed at the Poultry Science Center of University of Arkansas (Table 3) . Protein, DM, fat, and amino acids including cysteine and methionine were analyzed using the AOAC methods (AOAC International, 1990 , 1999 , 2000 , minerals using the AOAC International (2006) method, and NDF using a fiber analyzer (Ankom Technology Corp., Fairport, NY) according to the manufacturer's procedures.
Virginiamycin Residues in the DDGS Diets
The DDGS samples and DDGS diets were sent to Purdue University for the determination of virginiamycin. The bioautograph technique assay and the plate assay of virginiamycin were used. Both methods can detect virginiamycin or virginiamycin-like activity in DDGS and DDGS diets. The bioautograph technique involved the use of silica gel plates with aluminum backing. The DDGS sample extracts and standard solutions were spotted on the plate and allowed to dry. The plates were placed in developer tank containing a mixture of butanol, methanol, and oxalic acid. The plates were removed from the developer, allowed to dry, and placed in a sterile baking dish. Antibiotic Medium 1 inoculated with Micrococcus luteus was poured over TL plates and incubated overnight. Spots of virginiamycin standard (Rf values) were compared with the unknown samples and areas of inhibition were measured. The virginiamycin concentration in DDGS, if present, can be calculated as ppm. The plate assay was a modification of the microbiological assay of virginiamycin in feeds (Ragheb et al., 1979) . The test organism was M. luteus ATTC 9341. Virginiamycin was extracted with methanol, passed through Sep-Pak C-18 and eluted with 70% methanol/pH 6 buffer. The final methanol concentration in samples and standard was adjusted to 20% methanol, pH 6 phosphate buffer. After incubation of the plates, zones of inhibition were measured for standard and samples, and concentration of virginiamycin was calculated as ppm. The plate method is more accurate but bio-autography is more specific.
Birds and Experimental Design
The experiment was conducted in the poultry research and teaching farm at Iowa State University. The study was approved by the Institutional Animal Care and Use Committee at Iowa State University (approval 4-09-6732-G). A total of two hundred forty 54-wkold Single-Comb White Leghorn laying hens (Hy-Line W-36) were placed in 128 cages (2 birds/cage) with 96 square inches (0.06 m 2 ) per bird. Three consecutive cages were considered an experiment unit, and each EU was assigned to 1 of 4 diets containing 0, 17, 35, or 50% DDGS using completely randomized design methodology. Each diet treatment was fed to 10 experimental units of 6 hens resulting in a total of 240 hens for the 4 diets. Hens had free access to the diets and were provided with 16L:8D per day. The ambient temperature was maintained at 26°C throughout the study.
Prior to the experiment, the hens (except for control birds) were fed a corn-soybean meal-based diet containing 10% corn DDGS for 2 wk and the hens for high DDGS treatments were acclimated to the high inclusion rates of corn DDGS by gradually introducing the treatment diets over the next 4-wk period. The birds were 60 wk old at the beginning of experiment, and the average egg production rate was 85% when the experiment began.
Performance and Egg Quality Measurements
Production Performance. Hens were individually weighed at the beginning of the experiment and every 4 wk throughout the study. Individual hen weights were averaged over the EU for statistical analysis. Egg production and egg weight were recorded daily and averaged per EU during the study. Egg mass was calculated as egg production × egg weight expressed as grams of egg produced per day. Feed consumption of each pen was determined once a week during the experiment and was calculated by subtracting the residual feed from total feed at the beginning of each week. Feed efficiency was calculated by dividing feed intake by egg mass production.
Internal Quality of Egg. Yolk color, Haugh unit, egg components, and shell breaking strength were de- termined every 2 wk over the experimental period. Eggs were evaluated for internal quality by measuring Haugh units and yolk color. Yolk color was measured subjectively with an improved Roche yolk color fan by matching the yolk color on a glass plate with the 10 bands of the color fan. Standard color score was from 1 (extremely pale) to 10 (intensive yellow-orange). The selected colors were characterized by tristimulus values of the CIE (1993) standard colorimetric system. Five eggs from each EU were randomly selected from a 2-d egg production every 2 wk, and if egg production of a pen in those 2 d was smaller than 5, then 4 eggs were used. Haugh unit was measured at 4 storage times (0, 1, 2, and 3 wk) to better understand the effects of DDGS inclusion on egg white quality. The height of the thick albumen of each egg was measured 3 times by an electronic tripod albumen-height gauge (Ames Inc., Melrose, MA), and the Haugh unit was calculated by the average albumen height and egg weight following the equation {Haugh unit = 100 × log [albumen height − 0.01 × 5.6745 × (30 × egg weight 0.37 − 100) + 1.9]}. Five eggs from each experiment unit were randomly selected for each storage time (2-d eggs for each storage time), and if egg production of an experiment unit in any 2 selected days was smaller than 5, then 4 eggs were used. For egg component measurement, 5 eggs from each pen were randomly chosen from a 2-d egg collection every 2 wk. Eggs were broken to separate the shell, and the yolk and albumen using an egg yolk separator. Before measuring, eggshell was cleaned using paper towels to remove the remaining albumen. Yolk and shell weight were measured directly, albumen weight was calculated by subtracting yolk and shell weight from overall egg weight. The percentage of each component was calculated by dividing each component weight by overall egg weight. Shell breaking strength was determined using the TA.XT2i Texture Analyzer (Texture Technologies Corp., Scarsdale, NY). The egg was placed on A/ES stable micro system egg support, and the force from an aluminum compression platen (7 cm in diameter) to break the eggshell was measured. Ten eggs were randomly selected from each treatment for shell strength measurement.
Statistical Analyses
This experiment used a completely randomized design. The data shown in tables were analyzed by 1-way ANOVA with the GLM procedure of SAS by one variation (treatment or week; 9.2, SAS Institute Inc., 2008), and Duncan's multiple range test was used to separate means. The data shown in figures were analyzed using repeated model to see the difference by main effect (diet and week) and random effect (treatment × week interaction). Statistical significance was assumed at P < 0.05 to determine the differences among 4 treatments.
RESULTS AND DISCUSSION
Nutrient Composition of DDGS and Diets
Nutrient composition of DDGS sample is shown in Table 3 . The DDGS used in this study contained 27.3% CP, 10.67% fat, 0.91% lysine, 0.81% methionine, and 4.35% fiber, which are similar to those reported in NRC (1994) and DDGS website of University of Minnesota. Due to variations in the processing and raw materials, protein level in DDGS can range from 23 to 32%, and fat level can vary from 2.5 to 16% (Fastinger et al., 2002; Batal and Dale, 2006; Parsons et al., 2006; University of Minnesota, 2008) . Variation in nutrients is a major concern when introducing DDGS to animal feed because it directly affects the diet formulation.
Virginiamycin
Both plate and bio-autography methods can detect the presence of active virginiamycin residue among 4 DDGS diets, but the active virginiamycin residues from all the DDGS diet treatments were below the restriction limit of 0.1 ppm (Table 4 ; Food Safety and Inspection Service, 1998). Thus, the possibility of virginiamycin being present in egg yolk is negligible. The plate method is common for detecting virginiamycin with great accuracy. Bio-autography method was also used in our study to double check if virginiamycin in the diets could be detected using this method. The detection limit for the plate assay is 0.05 ppm. The virginiamycin results in Table 4 are between 0.05 and 0.1 ppm, which are close to the detection limit for the virginiamycin. Also, the variations at the levels were large due to interference by other ingredients. This indicated that DDGS themselves were found to be far below the allowable residue level by the plate test.
Laying Hen Performance
The egg production of 50% DDGS diet was much lower than that of the other 3 DDGS treatments before the diet reformulation (Figure 1 ). Overall egg production of control and 35% DDGS treatments were highest (Table 5 ). The egg production of control and 35% DDGS treatment groups was similar over the whole experimental period, and that of 17% DDGS treatment was reduced, but the reason for the reduction at 17 and 18 wk cannot be explained. Egg production rates decreased slightly in all DDGS treatment groups as the age of laying hens increased. Overall the 17% DDGS fed birds resulted in slightly but significantly reduced egg production, most likely due to the significant drop in feed intake, egg weight, and egg mass, which was observed in hens fed 17% DDGS diet at wk 17 and 18. Two of the 3 total mortalities for this treatment were noted over this time, again suggesting a non-DDGS issue. When additional lysine and methionine were added, egg production of the 50% DDGS treatment group was greatly improved, resulting in similar production as the corn-soybean meal control diet. The results of current study before diet reformulation agree with previous studies, in which egg production was adversely affected by DDGS diets (Swiatkiwicz and Koreleski, 2006; Pineda et al., 2008; Shalash et al., 2010) . However, after diet reformulation, the egg production among DDGS treatments was not significantly different during 19 to 24 wk in this study. This suggests that high concentration DDGS may not affect egg production with balanced nutrients in the diet.
Feed intake of the hens followed similar pattern to egg production during the whole study period (Table  5 ; Figure 2 ). Lowest feed intake was observed in 50% DDGS treatment, but no significant difference among other 3 treatment groups were observed before the diet formulation change. Feed intake of 50% DDGS treatment group increased dramatically during the first 4 wk after the change of the diet formula and was the highest from 15 to 18 wk among all treatments. In the last 6 wk of the study, the feed intake among 4 DDGS diet treatments was not significantly different (P > 0.05). Again, a reduction in feed intake was noted over the 15-to 18-wk period for the birds fed the 17% DDGS diets corresponding to reduced egg production, reduced egg mass, and increased mortality. These data disagree with the report of Alenier and Comb (1981) who found increased feed intake when 10% DDGS diet was fed. However, our results agree with other recent reports in which no significant difference in feed intake was observed when 15, 20, or 25% DDGS was included in laying hen diets (Roberson et al., 2005; Cheon et al., 2008; Scheideler et al., 2008) .
The overall egg weight of 50% DDGS treatment was lower than that of control and 35% DDGS treatments (Table 5 ). Egg weight of 50% DDGS treatment decreased significantly before diet reformulation (Figure 3) . After diet reformulation, 50% DDGS treatment showed a great increase in egg weight from 60.53 to 65.46 g, and the other 3 DDGS treatments had no apparent changes except for a drop in egg weight with the 17% DDGS treatment from the 15-to 18-wk period. All DDGS treatments had the same egg weight for the last 6 wk of study (P > 0.05). The results after diet reformulation disagree with the studies of Cheon et al. (2008) , Pineda et al. (2008) , and Shalash et al. (2010) , who observed decreased egg weight by DDGS inclusion. 
Figure 1�
Effect of diets with various levels of corn distillers dried grains with solubles (DDGS) on egg production rate during the 24-wk-long period. * 4 Denotes that the 50% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 2.4 Denotes that the 17 and 50% DDGS dietary treatments are significantly lower than the 0% DDGS dietary treatment (P < 0.05). The ratio of corn and soybean meal base in the diet decreased as DDGS level increased. Values are means of 10 replications, each containing 6 hens. Each data point indicates averaged egg production rate on a 2-wk basis.
The highest overall egg mass was observed with control treatment and 35% DDGS treatment, and the lowest was observed with 50% DDGS treatment (Table 5; Figure 4) . The difference in egg mass between 50% DDGS treatment and the other 3 treatments decreased after the change of diet formula. At 15 to 18 wk, the egg mass of 17% DDGS treatment was reduced in conjunction with the reduced egg production and feed intake over the same period. The decreased egg mass of this study agrees with the study of Shalash et al. (2010) , in which decreased egg mass was reported when 15 or 20% DDGS was used in laying hens diet. However, it disagrees with the studies of Cheon et al. (2008) and Pineda et al. (2008) in which DDGS concentration was found to have no influence egg mass.
Feed efficiency was significantly reduced in all 3 DDGS treatment in comparison with the corn-soybean meal diet (Table 5 ; Figure 5 ). The best feed efficiency was observed with the control diet treatment (531.6 g of egg/kg of feed) followed by the 35% DDGS treatment (501.9 g of egg/kg of feed), 17% DDGS treatment (487.6 g of egg/kg of feed), and 50% DDGS treatment (431.8 g of egg/kg of feed). These data might indicate that the hens are increasing feed intake to maintain egg production due to the elevated dietary fiber found in the DDGS-treated diets (inclusion level up to 35%). Feed efficiency of 50% DDGS treatment group improved gradually during the first 4 wk after the change of the diet formula, and the feed efficiency among 4 DDGS diet treatments was not significantly different during the last 3 wk of feeding trial (P > 0.05).
Body weight of laying hens in 4 DDGS diet treatments (0, 17, 35, and 50%) before the experiment was 1.56, 1.50, 1.62, and 1.51 kg, respectively (Table 5) . At Figure 2� Effect of diets with various levels of corn distillers dried grains with solubles (DDGS) on feed intake during the 24-wk-long period. * 2 Denotes that the 17% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 4 Denotes that the 50% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). The ratio of corn and soybean meal base in the diet decreased as DDGS level increased. Values are means of 10 replications, each containing 6 hens. Each data point indicates averaged feed intake on a 2-wk basis. the end of the study, BW of laying hens in 4 treatments was 1.57, 1.50, 1.62, and 1.56 kg. There was no significant difference of laying hen BW change amongthe 4 DDGS treatments during the study (P > 0.05; Table  5 ). There was a significant decrease in BW of the hens with the 50% DDGS treatment from 1.50 to 1.35 kg before diet reformulation to increase amino acids (data not shown), but the BW increased from 1.35 to 1.56 kg after supplemental amino acids were added to the diets. The BW of 17% DDGS treatment were reduced at the fourth measurement (13 to 16 wk), again corresponding to reduced feed intake, egg production, egg mass, and increased mortality over this time period. The significant reduction in feed intake, egg production, and egg weight of the hens fed the 50% DDGS diets are most likely due to an amino acid deficiency as these values dramatically increased once diets were reformulated with increased methionine and lysine. This is most likely due to the reduced digestible lysine and methionine in DDGS. Hughes and Hauges (1945) reported that when DDGS was used as the main protein source, there would be a slight deficiency in lysine and tryptophan that would cause decreased broiler performance. Soybean meal when used in traditional ratios with corn has a favorable amino acid composition for birds, but adding more corn protein by the addition of high concentrations of corn DDGS can result in changes in dietary amino acid ratios. As dietary DDGS level increases, soybean meal decreases; soy makes up approximately 30% of the protein in the 35% DDGS diet treatment, but it makes up less than 15% of the protein in the 50% DDGS diet. Therefore, the differences in Figure 3� Effect of diets with various levels of corn distillers dried grains with solubles (DDGS) on egg weight during the 24-wk-long period. * 2 Denotes that 17% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 4 Denotes that 50% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 2.4 Denotes that 17 and 50% DDGS dietary treatments are significantly lower than the 0% DDGS dietary treatment (P < 0.05). The ratio of corn and soybean meal base in the diet decreased as DDGS level increased. Values are means of 10 replications, each containing 6 hens. Each data point indicates averaged egg weight on a 2-wk basis.
Figure 4�
Effect of diets with various levels of corn distillers dried grains with solubles (DDGS) on egg mass during the 24-wk-long period. * 2 Denotes that 17% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 4 Denotes that 50% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 2.4 Denotes that 17 and 50% DDGS dietary treatments are significantly lower than the 0% DDGS dietary treatment (P < 0.05). The ratio of corn and soybean meal in the diet decreased as DDGS level increased. Values are means of 10 replications, each containing 6 hens. Each data point indicates averaged egg mass on a 2-wk basis.
amino acid composition and their availability among diets could have significant impact on egg production if not accounted for during formulations. Shalash et al. (2010) pointed out that high content of crude fiber and sulfur, and low palatability of DDGS could be the reason for decreased egg production, egg weight, and egg mass. In addition, high protein and low starch content in DDGS-containing diets would have changed gluconeogenesis pathway to solely rely on converting amino acids to glucose, and high fat content would become major way of supplying energy through fatty acid oxidation. These changes could have influenced poultry metabolism over time, and ultimately might have affected laying performance (Shalash et al., 2010) .
In summary, egg production, egg mass, feed efficiency, and egg weight were affected by the levels of corn DDGS in the diets before the diet reformulation. The highest DDGS level (50%) had the lowest egg production, egg mass, feed efficiency, and egg weight, and the control diet (0% DDGS) had the best results for all the parameter listed above. The low laying hen performance before diet reformulation was probably due to overestimation of lysine and methionine in DDGS. However, after diet reformulation, the differences of laying hen performance of hens among the 4 DDGS treatments gradually decreased and disappeared after 4 wk. Egg production, feed intake, and egg weight were not significantly affected by DDGS level for the last 6 wk of the experimental period. Laying hens responded to high-protein, high-fat, and high-fiber corn DDGS by decreasing egg production and egg mass, but not by changing egg weight. No difference in egg weight among treatments during the last 6-wk period indicated that when amino acids (lysine and methionine) in corn DDGS diets are sufficient, egg weight may not be affected by DDGS effect, but if diet is not balanced for nutrient content, a decrease in egg production and egg mass can occur in the diet with high DDGS inclusion. Table 6 indicates that increasing DDGS level from 0 to 50% had significant effects on yolk color and Haugh units over various storage times. Yolk color was enhanced very quickly (within 2 wk) after receiving DDGS diets. As DDGS level increased, the yolk color score increased linearly (50% > 35% > 17% > 0%), and this treatment effect was continued during the 24-wk study. Increased yellowness of yolk was expected because DDGS contains high concentrations of xanthophylls, which is responsible for the yellow color of yolk. These results agree with the report of Roberson et al. (2005) . Although Lumpkins et al. (2005) reported that there was no improvement in yolk color when 15% DDGS was used in the diet and Roberts et al. (2007) noted that 10% DDGS had no effect on yolk color; however, Cheon et al. (2008) reported significant improvement in yolk color with 10, 15, and 20% DDGS addition in the diet. Swiatkiewicz and Koreleski (2006) also found that yellow color intensity in yolk increased significantly with 5, 10, 15, and 20% DDGS in the diet. Xanthophyll pigments are susceptible to light and heat damage; thus, the observed different effects on yolk color from different research groups might have been related to the different xanthophyll content in DDGS sources. Moreover, as DDGS level increased in the diet, xanthophyll concentration in the diet increased, which resulted in linear increased yolk color intensity.
Internal Quality of Egg
Egg albumen quality was improved in 50% DDGS treatment with the highest Haugh unit at all storage times, and there was no difference among the other 3 DDGS treatments during the whole period (Table 6) . Haugh unit decreased with storage time in all DDGS treatments. Swiatkiewicz and Koreleski (2006) found no differences in Haugh unit and eggshell strength of eggs from hens fed diets containing 0, 5, 10, 15, and 20% DDGS. Pineda et al. (2008) reported no difference Figure 5� Effect of diets with various levels of corn distillers dried grains with solubles (DDGS) on feed efficiency during the 24-wk-long period. * 2 Denotes that 17% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 4 Denotes that 50% DDGS dietary treatment is significantly lower than the 0% DDGS dietary treatment (P < 0.05). * 2.4 Denotes that 17 and 50% DDGS dietary treatments are significantly lower than the 0% DDGS dietary treatment (P < 0.05). The ratio of corn and soybean meal base in the diet decreased as DDGS level increased. Values are means of 10 replications, each containing 6 hens. Each data point indicates averaged feed intake on a 2-wk basis. in Haugh unit when high level of DDGS was used. Other researchers also reported that Haugh unit and eggshell strength were not affected by DDGS incorporation (Jensen, 1978; Lumpkins et al., 2005; Roberson et al., 2005) . However, Lilburn and Jensen (1984) observed increased Haugh unit with the addition of 20% DDGS, and Jensen et al. (1978) also reported increased Haugh units with the 10% DDGS treatment. In the current study, Haugh unit of eggs from the hens fed 50% DDGS had higher Haugh units than other dietary treatments during all storage times, suggesting that high DDGS in the diet may have positive effects in maintaining the physical state of egg albumin. Table 7 shows that the effect of DDGS treatment on egg shell breaking strength was only found over 7 to 8 wk and 15 to 16 wk, during which time 50% DDGS treatment had higher shell breaking strength force than the other 3 DDGS treatments. Aside from the 2 previous mentioned intervals, the difference in eggshell strength among 4 DDGS treatments was not significant (P > 0.05). Lumpkins et al. (2003) reported no DDGS effect on shell strength when 15% DDGS was added in the diet. Shalash et al. (2010) reported increased shell thickness, but Pineda et al. (2008) found no change in eggshell quality by DDGS inclusion. In this study, significant differences in eggshell strength among DDGS treatments were shown only over 7 to 8 wk and 15 to 16 wk (P < 0.05), which might due to smaller eggs were selected in 50% DDGS treatment group. Because the effect of DDGS on shell breaking strength was not consistent and occurred infrequently, it is difficult to say that DDGS treatments affect shell strength.
No significant difference in overall albumen and yolk percentage was detected among 4 DDGS treatments during the whole 24-wk period (Table 6 ). Difference in shell percentage among 4 DDGS treatments was observed at 9 to 12 wk, 15 to 16 wk, and 19 to 20 wk, and difference in yolk percentage was observed at 11 to 12 wk. The overall shell percentage was the highest with 50% DDGS treatment with no difference among the other 3 DDGS treatments (Table 6) . Roberts et al. (2007) observed increased albumen content with diets containing corn DDGS compared with control. Shalash et al. (2010) reported that weight percentage of egg components (albumen, yolk, and shell) was not influenced by up to 20% DDGS in diet rations. In this study, overall shell percentage was affected by DDGS treatments. However, during last 4 wk of study, the shell percentage among 4 DDGS treatments was not different. The larger shell percentage might be due to smaller egg size with 50% DDGS treatment compared with other 3 DDGS groups. Small eggs may tend to have thicker eggshell than larger eggs when the same amount of calcium is deposited (Elaroussi et al., 1994) .
In conclusion, it appears that high level of DDGS (up to 50%) can be fed to laying hens without significant effect on egg production, feed intake, feed efficiency, egg mass, and egg weight with sufficient digestible amino acid. Once the 50% DDGS diet was further supplemented with lysine and methionine, there were no differences in egg production, feed intake, and egg weight during last 6 wk between the high DDGS diet and the positive control. The decreased egg production, feed intake, egg mass, and egg weight observed before the diet reformulation is most likely due to an amino acid deficiency because all performance parameters were improved after additional amino acids were supplied in the diets. The DDGS positively affected Haugh units in the 50% DDGS diet, and yolk color was improved linearly as DDGS level increased. Eggshell strength and egg component were inconsistently affected by DDGS treatments.
